INTRODUCTION {#sec1-1}
============

Enzymes are essential for maintaining different biochemical life processes such as metabolism, cell cycling, and signal transduction, etc., But, hyper or hypo activity of enzymes are the underlying causes of diseases like diabetes, Alzheimer\'s disease, Myasthenia gravis, and Parkinson\'s disease, etc., as evidenced by etiopathogenesis of diseases at the molecular level. It is anticipated that enzyme inhibitors can serve as important therapeutic bullets for these diseases.\[[@ref1][@ref2][@ref3]\] Diabetes mellitus (DM) is one of the major killers of the health of mankind after AIDS, cancer, and cerebrovascular diseases and have shown a steady growth in the number of diabetics to 366 million by 2030 as reported by International Diabetes Federation.\[[@ref1][@ref2][@ref3]\] The figure in Indian scenario is about 40.9 million, which is expected to grow to 60.9 million by 2025.\[[@ref1][@ref2][@ref3]\] Despite tremendous strides in modern medicines, availability of insulin therapy and synthetic hypoglycemics and their failure to restore normoglycemia without adverse effects has made a resurgence of interest in phytotherapy.\[[@ref4][@ref5]\] Pathophysiology of type 2 DM have shown that enzymes like α-amylase, α-glucosidase, dipeptidyl peptidase-4 (DPP-4), aldose reductase (AR), angiotensin converting enzyme (ACE), and peroxisome proliferator-activated receptor-γ (PPAR-γ) contribute significantly to the pathogenesis of the disease. Phyto-molecules serving as natural enzyme inhibitors (NEIs) can serve as successful therapeutic targets in the control of this chronic disease.\[[@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\] Inhibition of carbohydrate hydrolyzing enzymes like α-amylase and α-glucosidase helps to reduce postprandial hyperglycemia. Inhibition of other enzymes like AR, DPP-4, ACE, and PPAR-γ also presents an effective strategy to combat type 2 DM naturally.\[[@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\]

AR, a member of the aldo-keto reductases superfamily, is the first and rate-limiting enzyme in the polyol pathway that reduces glucose to sorbitol, utilizing nicotinamide adenine dinucleotide phosphate (reduced form of NADPH) as a cofactor. In type 2 DM, there is excess sorbitol formation due to increased availability of glucose and sorbitol gets accumulated in insulin- sensitive tissues like lens, nerves, retina leading to cataract, retinopathy, and neuropathy. AR-inhibitors prevent the conversion of glucose to sorbitol and are capable of controlling diabetic complications.\[[@ref7][@ref8][@ref9][@ref10][@ref11]\] Limited literature data and molecular docking analysis in terms of binding energy have shown that natural bio-molecules such as quercetin, quercitrin, myricitrin, coumarins, monoterpenes, and stilbenes are potent AR inhibitors.\[[@ref12]\]

Enzyme ACE is associated with hypertension, a long-term complication of diabetes. ACE activates angiotensin-I into a potent vasoconstrictor called angiotensin-II. Angiotensin-II influences aldosterone release which increases blood pressure by promoting sodium retention in distal tubules. Bio-molecules such as flavonoids, flavonols, anthocyanins, and triterpenes are potent ACE inhibitors further evidenced by molecular docking studies.\[[@ref13][@ref14][@ref15]\] Glucagon-like peptide-1 (GLP-1) is a remarkable anti-diabetic gut hormone with combinatorial actions of stimulating insulin secretion, inhibiting glucagon secretion, increasing beta cell mass, reducing the rate of gastric emptying, and inducing satiety. DPP-4 rapidly deactivates GLP-1. Phyto-molecules, mostly triterpenoids, steroids, and phenolic constituents with DPP-4 inhibitory activity, help to increase the levels of endogenous active GLP-1 and act as an important therapeutic compound against type 2 DM, the fact being further supported by molecular docking studies.\[[@ref16][@ref17][@ref18]\]

Reactive oxygen species (ROS) like singlet oxygen or various radicals is detrimental for anabolic activities and ROS-induced oxidative damages to cellular tissues leading to diseases like cancer, chorionic villous sampling, nephropathy, and aging. Attenuation in ROS level may be due to increased production or diminished depletion of enzymes like catalase, glutathione peroxidase, and superoxide dismutase. Natural anti-oxidants which scavenge free radicals can provide a synergistic action to the overall anti-diabetic potential of any plant.\[[@ref19][@ref20][@ref21]\]

The current research work focuses on the chemo-profiling and explorations of NEIs by *in-vitro* methods amongst the leaves of three common Indian medicinal plants viz. *Ficus benghalensis* (FB, Family: Moraceae) or Banyan tree, *Syzygium cumini* (SC, Family: Myrtaceae) or Jamun, and *Ocimum sanctum* (OS, Family: Lamiaceae) or Tulsi. They are available throughout India and their anti-diabetic potentials are documented in several *in vivo* animal trials.\[[@ref21][@ref22][@ref23][@ref24][@ref25][@ref26][@ref27]\] However, novelty of this work lies on the *in-vitro* screening of NEIs amongst the leaves of the three species; optimization of the extraction process parameters by chemometrics (central composite design \[CCD\] and mixed design approaches) so as get maximal yield of bio-actives and also the ratios of polyherbal composites so as to achieve phyto-synergistic anti-oxidant effects. In this context, the work is novel to the best of our knowledge.

MATERIALS AND METHODS {#sec1-2}
=====================

Plant materials {#sec2-1}
---------------

Fresh leaves of FB (voucher specimen: IITKGP/HB/2014/J1), SC (voucher specimen: IITKGP/HB/2014/J2), and OS (voucher specimen: IITKGP/HB/2014/J3) were collected from natural and man-made forest areas of IIT Kharagpur and adjoining areas like Balarampur, Gopali, and Prembazar and authenticated by Dr. Shanta AK, Biotechnologist, Nirmala College of Pharmacy, Guntur, India.

Reagents {#sec2-2}
--------

Yeast α-glucosidase, bovine serum albumin, sodium azide, para-nitro phenyl-α-D-gluco-pyranoside solution (pNPG), ACE (from rabbit lung, 3.5 units/mg of protein), starch azure, porcine pancreatic amylase, tris-HCL buffer, hippuryl-L-histidyl-L-leucine (HHL), and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were obtained from Sigma Chemicals, USA. Other chemicals like diagnostic reagents, surfactants, polyphosphate, dextran sulfate, etc., were purchased from Merck Co., India. Acarbose (A~car~) was a kind gift sample from Zota Pharmaceuticals Pvt., Ltd., Chennai, India. All chemicals and reagents used for the experimentation were all of analytical grade and were purchased either from Merck (India) and Sigma-Aldrich.

Instruments {#sec2-3}
-----------

Electric grinder (Bajaj GX 11); centrifuge (Remi, R-8C Lab Centrifuge); ultraviolet (UV) spectrophotometer (Thermo Scientific).

Software {#sec2-4}
--------

Experimental design, data analysis, and generation of surface plots were performed by using Design Expert Trial version 7.0. (Design Expert Software, Stat Ease, Inc).

Experimental methodology {#sec2-5}
------------------------

### Collection of plant leaves {#sec3-1}

Good, fresh, disease-free mature leaves of FB (Vata or Banyan), OS (Tulsi), and SC (Jamun) were collected from the natural and man-made forests of IIT Kharagpur and adjoining areas like Prembazar, Gopali, and Balarampur, etc. Collected leaves were washed thoroughly under running tap water and spreaded on large plastic trays under direct sunlight for 10--15 days. Thoroughly dried leaves were grinded in an electrical grinder (Bajaj GX 11) and stored in airtight amber colored plastic containers with proper labeling until use.

Proximate analysis {#sec2-6}
------------------

Leaf powders of each species (FB, SC, OS) were exhaustively processed for various parameters of proximate analysis (carbohydrates, fats, crude protein, moisture, dry matter, crude fiber, nitrogen free extract, and ash) according to the Association of Official Analytical Chemists methods (1990) and other standard literatures.\[[@ref28]\]

Optimization of extraction conditions and phyto-blend ratios by response surface methodology {#sec2-7}
--------------------------------------------------------------------------------------------

An experimental design methodology should be such that it is economical for extracting the maximum amount of complex information, a significant reduction in experimentation time with simultaneous saving of material and personnel cost. Response surface methodology (RSM) using desirability function may be a good statistical analysis tool to justify the above statement. The most popular RSM design is the CCD. In this study, for extraction of individual species there are two independent variables viz. solvent ratio (volume of ethanol or methanol) and temperature and the response is the yield of polyphenols. For optimization of ratios of herbal composites, mixed design approach of RSM was adopted and the ratios showing a maximum yield of polyphenols was considered as the optimized one.\[[@ref29][@ref30][@ref31]\]

Preparation of plant extracts {#sec2-8}
-----------------------------

Extraction procedure was a combination of dynamic maceration for 6 h in magnetic stirrer (Remi, 2MLH) followed by a static maceration of 18 h. The same sequence was followed for three days. Solvents viz. methanol, ethanol, 1-butanol, chloroform, ethyl acetate, acetone, n-hexane, and diethyl ether were selected from the eluotropic series.\[[@ref32][@ref33][@ref34][@ref35][@ref36][@ref37]\] However, as evidenced by literature, a huge amount of chlorophyll got extracted with solvents like acetone, ethyl acetate, diethyl ether, and chloroform. Presence of chlorophyll in extracts is a serious problem during HPLC operations since chlorophyll sticks to HPLC columns which cannot be removed by any solvent wash, and in future is sure to compromise with the functionality of HPLC column. There is an option to remove chlorophylls by sephadex columns, but our objective was to optimize a suitable solvent ratio which will facilitate maximal elution of bio-actives of interest (here, total phenolics) without extraction of chlorophyll.\[[@ref32][@ref33][@ref34][@ref35][@ref36][@ref37]\]

Lab experimentations and desirability functions of RSM showed hydro-ethanolic and hydro-methanolic extracts in 50:50 solvent ratio gave an optimal yield of polyphenols. Aqueous extractions were carried out in all cases to find the water soluble components. Polyherbal composites or phyto-blend were prepared by intermixing of three different species (SC: FB: OS) in the ratios (1:1:1; 1:2:1; 2:1:1; and 1:1:2) optimized by mixed design approach by RSM with solvent systems mentioned above.\[[@ref32][@ref33][@ref34][@ref35][@ref36][@ref37]\]

Estimation of chlorophyll content in the extracts by ultraviolet method {#sec2-9}
-----------------------------------------------------------------------

The chlorophyll contents in the extracts were determined according to the methods given by Mackinney, 1941; Arnon, 1949. Definitively weighed leaf samples were put separately into 100% acetone, 96% alcohol and, 95% diethyl ether (50 mL for each gm) and then subjected to homogenization at 1500 rpm for 3 min. The homogenate was filtered and centrifuged at 3000 rpm for 10 min. The supernatant was separated, and absorbances were read at 663 nm for chlorophyll a and 645 nm for chlorophyll b and the amount of these pigments were calculated.\[[@ref38][@ref39]\]

Preliminary phytochemical and quantitative evaluations of extracts {#sec2-10}
------------------------------------------------------------------

Phytochemical analysis of the major bioactive compounds of interest of the three different species (FB, SC, and OS) was performed using the methods of Harborne (1984), Trease, and Evans (1989) and other literature methods.\[[@ref40][@ref41][@ref42][@ref43][@ref44][@ref45][@ref46][@ref47][@ref48]\]

Total polyphenol content of the extracts was determined using Folin-Ciocalteu (FC) reagent and recording the absorbance at 760 nm after 30 min of incubation in dark as per the literatures methods of Othman *et al*., 2007 and Modnicki and Balcerek 2009.\[[@ref40][@ref41][@ref42]\] Total flavonoid content of the extracts was determined by method of Djeridane *et al*., 2006 which is based on the formation of a complex of flavonoid-aluminum showing absorbance at 430 nm and the flavonoid concentration expressed in terms of quercetin equivalent (QE) per gram of the extract.\[[@ref43]\] Flavonol content of the extracts was determined according to Abdel-Hameed, 2009 and its absorbance recorded at 440 nm and expressed in terms of QE per gram of the extract.\[[@ref44]\] Tannins were estimated according to the protocol of Hagerman and Butler, 1978 which is based on the obtention of a colored complex Fe^2+^ - phenol whose absorbance was measured spectrophotometrically at 510 nm and expressed as tannic acid equivalent per gram of the extract.\[[@ref45]\]

Estimations of alkaloid, saponins, steroids, and glycosides {#sec2-11}
-----------------------------------------------------------

### Alkaloid {#sec3-2}

The total alkaloid content was determined by the UV-spectrophotometric method according to Ganapaty *et al*., 2013 which is based on the reaction between alkaloid and bromocresol green and the absorbance measured at 470 nm.\[[@ref46]\]

### Glycosides {#sec3-3}

Glycoside content was determined spectrophotometrically as per the method given by Rizwan A *et al*., 2011 and absorbance recorded at 515 nm and calculated as aloe-emodin/Rhein.\[[@ref47]\]

### Saponins {#sec3-4}

Saponin estimations were carried out spectrophotometrically according to the method given by Devanaboyina *et al*., 2013 and absorbance recorded at 544 nm against reagent blank. Diosgenin was used as the standard material.\[[@ref48]\]

### Steroids {#sec3-5}

Steroids were determined with 1 mL of the methanolic extracts taken in 10 mL of the volumetric flask; sulfuric acid (4 N, 2 mL), and FeCl~3~ (0.5% w/v, 2 mL) were added followed by potassium hexacyanoferrate solution (III) (0.5% w/v, 0.5 mL). After heating the mixture in a water bath at 70 ± 20°C for 30 min with occasional shaking and further diluted up to mark with distilled water. The absorbance was measured at 780 nm against reagent blank.\[[@ref48]\]

*In-vitro* assay procedures {#sec2-12}
---------------------------

After phytochemical investigations, α-amylase, α-glucosidase, AR, ACE, DPP-4 *in-vitro* inhibitory assays, and anti-oxidant assays like DPPH free radical scavenging activity, total anti-oxidant activity in the ferric reducing assay procedure (FRAP) assay, 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay, rapid DPPH radical scavenging by dot-blot assay of the individual extracts, and that of the composites (SC: FB: OS in different ratios) were carried out following standard methods with slight modifications.\[[@ref46][@ref47][@ref48][@ref49][@ref50][@ref51][@ref52][@ref53][@ref54][@ref55][@ref56][@ref57]\]

α-Amylase inhibitory assay {#sec2-13}
--------------------------

The study was carried out following standard literature methodologies with slight modifications.\[[@ref49][@ref50]\] Briefly, 2 mg of starch azure was suspended in a tube containing 0.2 mL of 0.5 M tris-phosphate buffer (pH 6.9) containing 0.01 M calcium chloride as the substrate. After boiling the tube for 5 min, it was preincubated for 5 min at 37°C. Different concentrations (10, 20, 40, 60, 80, and 100 μg/mL) of the extracts of FB, SC, and OS and the composites were prepared by dissolving in 1 mL of 0.1% dimethyl sulfoxide. Then 0.2 mL of the extract of particular concentrations was put in the tube containing the substrate solution. Next, 0.1 mL of porcine pancreatic amylase in tris-HCL buffer (2 units/mL) was added to the tube containing extracts and substrate, at 37°C. After 10 min, the reaction was stopped by adding 0.5 mL of 50% acetic acid in each tube, and the reaction mixture was centrifuged (Eppendorf-5804R) at 3000 rpm for 5 min at 4°C. The absorbance of the resulting supernatant was measured at 595 nm. A~car~ in the concentration range of 1.25, 2.5, 5, and 10 μg/mL in distilled water was used to create the calibration curve. The assay was performed in triplicate. The concentration of the extracts of three species (FB, SC, and OS) and composites required inhibiting 50% of a amylase activity under the assay conditions is referred to as IC~50~ values. Absorbance was calculated using the formula:

![](PM-11-522-g002.jpg)

α-Glucosidase inhibitory assay {#sec2-14}
------------------------------

The assay procedure was developed as described by Basak *et al*., 2010 and Subramanian *et al*., 2008, with slight modifications.\[[@ref49][@ref50]\] An aqueous ethanolic extract of the three species (FB, SC, OS, and composites) was used for the study. The yeast α-glucosidase enzyme solution was prepared by dissolving at a concentration of 0.1U/mL in 100 mM phosphate buffer, pH 7.0, containing bovine serum albumin, and sodium azide which was used as enzyme source. This enzyme solution was added to the aqueous ethanolic extracts of FB, SC, and OS in increasing concentrations (1, 1.5, 2, 2.5, 3, and 3.5 μL mL^−1^). The reaction was initiated by adding 0.20 mL of the pNPG solution; 2 mM pNPG in 50 mM sodium phosphate buffer (pH 6.9) which acted as the substrate. The reaction was terminated by adding 1 mL 0.1 M Na~2~HPO~4~. The test tubes were cooled under tap water, and α-glucosidase inhibitory activity was determined at 405 nm by measuring the quantity of *p*-nitrophenol released from pNPG. The assay was performed in triplicate for each extract and the data presented as mean ± standard deviation. The concentration of the extracts (FB, SC, OS, and composites) required inhibiting 50% of α-glucosidase activity under experimental conditions is defined as the IC~50~ value. A~car~ was dissolved in distilled water to prepare a series of dilutions (1.25, 2.5,5, and 10 mg/ml) and was used as the positive control. The percent inhibition was calculated according to the formula:

![](PM-11-522-g003.jpg)

IC~50~ values were determined from the plots of percent inhibition versus log inhibitor concentration and were calculated by nonlinear regression analysis from the mean inhibitory values.

Aldose reductase inhibitory assay {#sec2-15}
---------------------------------

The assay was carried out following reported literature methods and the experimental protocol was approved by Institutional Ethical Committee.\[[@ref8][@ref9][@ref10][@ref11]\] About 2--3 months, old healthy adult Wistar albino rats weighing about 150--200 g were acclimatized to laboratory conditions (12 h light and 12 h dark cycle, 25 ± 5°C, and 30--60% relative humidity) with free access to pelleted food and water *ad libitum*. Immediately after sacrifice, eye lenses were removed, washed with saline, and the fresh weight of a lens measured. Next, a 10% homogenate was prepared from the rat lens in 0.1 M phosphate-buffered saline (PBS) at pH 7.4, centrifuged at × 5000 *g* for 10 min in the cold, and the supernatant was collected. The protein content of the supernatant was determined by literature methods.\[[@ref8][@ref9][@ref10][@ref11]\]

For the determination of the AR inhibitory activity, 0.7 mL of phosphate buffer (0.067 M), 0.1 mL of NADPH (25 × 10^−5^ M), 0.1 mL of DL-glyceraldehyde (substrate, 5 × 10^−4^ M), and 0.1 mL of lens supernatant were mixed in the sample cuvette. Absorbance was taken against a reference cuvette containing all other components except the substrate and DL-glyceraldehyde. The final pH of the reaction mixture was adjusted to pH 6.2. On adding substrate to the solution mixture, the enzymatic reaction starts and absorbance (OD) was recorded at 340 nm for 3 min at 30 s intervals. AR activity was calculated and expressed as OD/min/mg protein. Next, a stock solution was prepared by dissolving the extracts (FB, SC, OS, and composites) in PBS, and different concentrations were prepared; reaction was initiated by the addition of 0.1 mL DL-glyceraldehyde and the reaction rate measured as mentioned above. Quercetin, a known AR inhibitor was used as the positive control.

Angiotensin converting enzyme inhibitory assay {#sec2-16}
----------------------------------------------

The assay method was based on the liberation of hippuric acid from HHL catalyzed by the ACE. The assay procedure was carried as described by Chaudhary *et al*., 2013, and other methods with slight modifications.\[[@ref13][@ref14][@ref51]\] Briefly, 50 μL of sample solutions (extracts of FB, SC, OS, and composites) in the concentration range of 0.1--2.5 mg/mL were preincubated with 50 μL of ACE (25 mU/mL) at 37°C for 10 min. Next, 150 μL of substrate solution (8.3 mM HHL in 50 mM sodium borate buffer containing 0.5 M NaCl at pH 8.3) was added and incubated for 30 min at 37°C. The reaction was terminated by addition of 250 μL of 1.0 M HCL. To the resulting solution, 0.5 mL of ethyl acetate was added and centrifuged (Eppendorf-5804R) for 15 min. Then, 0.2 mL of the upper layer was transferred to a test tube, evaporated under room temperature in vacuum, the liberated hippuric acid was dissolved in 1 mL distilled water, and the absorbance was measured at 228 nm. Experiments were performed in triplicates. Captopril was used as standard (3.5 μg/mL) in the assay. The percentage of inhibition (ACEI) was calculated using the formula:

![](PM-11-522-g004.jpg)

Where A is the OD at 228 nm with ACE but without inhibitor; B is the OD in the presence of both ACE and inhibitor; and C is the OD without ACE and inhibitor.

Dipeptidyl peptidase-4 inhibitory assay {#sec2-17}
---------------------------------------

The assay was carried out following reported literature methods using Gly-Pro p-nitroanilide toluenesulfonate salt as the substrate.\[[@ref52][@ref53]\] Briefly, 0.5 mL of the assay mixture contained 40 mM K-Na-phosphate buffer, pH 7.5, an enzyme sample. The reaction was initiated by adding a substrate to a concentration of 0.24 mM and stopped by adding 0.2 M acetic buffer at pH 5.5. The differential absorption at 390 nm was recorded against an identical mixture without the enzyme, and the amount of p-nitroaniline depleted was evaluated from its extinction coefficient at the wavelength of 9.9 mM/cm^−1^.

Evaluation of anti-oxidant activity {#sec2-18}
-----------------------------------

### 1,1-diphenyl-2-picrylhydrazyl free radical scavenging activity {#sec3-6}

The anti-oxidant activity of three extracts (FB, SC, OS, and composites) was determined on the basis of the scavenging effect on the stable DPPH free radical activity.\[[@ref19][@ref54][@ref55][@ref56]\] Briefly, 0.2 mM DPPH solution was prepared by dissolving 0.08 g of DPPH in methanol in a 100 mL standard flask and volume made up to mark with methanol. Next 1.5 mL of 0.2 mM DPPH solution and 1.5 mL of sample solutions in different concentrations were mixed. In another series, 1.5 mL of different concentrations of sample solutions were mixed with 1.5 mL of methanol. All solutions were kept for 30 min at room temperature and allowed to react. Absorbance was read at 517 nm. Calculations were done basing on the equation:

![](PM-11-522-g005.jpg)

Where A~b~ = absorbance of 1.5 mL DPPH + 1.5 mL methanol; A~m~ = absorbance of 1.5 mL DPPH + 1.5 mL sample solution; and A~s~ = absorbance of 1.5 mL sample solution + 1.5 mL methanol.

Plotting was done on percent inhibition versus concentration, and the concentration of sample required for 50% inhibition is regarded as the IC~50~ value for each of the test samples.

Selection of the ratio of anti-oxidants to achieve synergism {#sec2-19}
------------------------------------------------------------

The synergistic effect (SE) was calculated by comparing the scavenging capacities of the composites in variant ratios to the arithmetic sum of the scavenging capacities of the individual extracts.

The experimental scavenging capacity (ESC) of the composites (in different ratios) was calculated using the equations:

![](PM-11-522-g006.jpg)

Here, Abs is recorded at 518 nm. The blank consisted of 1 mL methanol + 2.5 mL of extract, the control solution consisted of 1 mL of 0.3 mM DPPH + 2.5 mL methanol, and the sample solution consisted of 1 mL of 0.3 mM DPPH + 2.5 mL of sample extract.

The theoretical scavenging capacity (TSC) is the sum of the scavenging capacities of each extract, calculated using the individual scavenging capacity in the following equation:

%TSC = 100 -- (\[100 − ESC~A1~/100\] + \[100 − ESC~A2~/100\]) where ESC~A1~, ESC~A2~ represent the percentage ESC of the individual anti-oxidants.

The SE of the combination of anti-oxidants is based on the ratio of the ESCs and TSCs, calculated using the following equation (Fuhrman *et al*., 2000): SE = ESC/TSC, where SE value \>1 (SE \>1) will exhibit synergism.\[[@ref57][@ref58][@ref59]\]

Total anti-oxidant activity (ferric reducing assay procedure assay) {#sec2-20}
-------------------------------------------------------------------

Total anti-oxidant activity was determined by the FRAP assay as per the standard literature procedure.\[[@ref54][@ref55]\] The procedure is based on the reduction of ferric to ferrous form in the presence of anti-oxidants in the test samples (plant extracts). Plant extracts (200 μL) were allowed to react with FRAP solution (2900--3000 μL) for 30 min in the dark. Absorbance of the colored product formed (ferrous tripyridyltriazine complex) was recorded at 595 nm. Results were expressed in μM equivalent to FeSO~4~ by extrapolation from the calibration curve.

2, 2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) assay {#sec2-21}
-------------------------------------------------------------

The assay was carried out according to standard literature with slight modifications.\[[@ref20][@ref24][@ref56]\] The main principle is based on the ability of test samples to scavenge 2,2'- azino-bis (ethylbenzthiazoline-6-sulphonic acid) (ABTS+) radical cation. The ABTS + solution was diluted with ethanol to get an absorbance of 0.700 ± 0.05 at 734 nm for measurements. The anti-oxidative activities of the extracts were calculated by determining the decrease in absorbance at different concentrations by using the equation:

E = (\[A~c~ -- A~t~\]/A~c~) × 100 where A~t~ and A~c~ are the respective absorbance of tested samples and ABTS + expressed as μmol.

Rapid screening of anti-oxidant activity by dot-blot assay {#sec2-22}
----------------------------------------------------------

Rapid screening of anti-oxidant by dot-blot assay with DPPH staining was carried out as per the literature methodology. An aliquot of each dilution of different extracts (FB, SC, and OS) were loaded on a 10 cm × 20 cm silica gel TLC plate (Merck) and allowed to dry. Drops of each sample were loaded in order of decreasing concentrations along the column. The staining of silica plate was done by dipping the plate in 0.4 mM DPPH solution in methanol for 2--3 s. The intensity of the yellow color depends upon the amount and nature of radical scavenger present in the sample.\[[@ref60]\]

RESULTS {#sec1-3}
=======

The results of the proximate analysis of three leaves species have shown that moisture content of FB, SC, and OS to be 10.75, 54.75, and 70.1, respectively. Carbohydrate content of FB, SC, and OS was found to be 24.5, 14, 1.5, respectively, protein contents are FB - 2.1, SC - 0.99, and OS - 0.45; fat contents are FB - 4.6, SC - 0.23, and OS - 0.23; the ash values of the three species were found to be 10.92, 12.35, and 12.19 for FB, SC, and OS, respectively. Loss on drying was found to be 15.7 for FB, 17.1 for SC, and 16.21 for OS.

RSM generated three-dimensional surface plots for individual and composite extracts were presented in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}.

![(a) Three-dimensional surface plot for an ethanolic extract of Tulsi. (b) Three-dimensional surface plot of desirability for an ethanolic extract of Tulsi. (c) Three-dimensional surface plot for a methanolic extract of Tulsi. (d) Three-dimensional surface plot of desirability for methanolic extract of Tulsi](PM-11-522-g007){#F1}

![(a) Three-dimensional surface plot for aqueous composite 1:1:1. (b) Three-dimensional surface plot of desirability for aqueous composite 1:1:1. (c) Three-dimensional surface plot for aqueous composite 1:1:2. (d) Three-dimensional surface plot of desirability for aqueous composite 1:1:2](PM-11-522-g008){#F2}

The FB extracts were light brown in color with methanolic extract showing a highest percent yield of 18.4, extracts of Jamun were dark blackish brown and its ethanolic extract showed highest percent yield of 23.6, and the extracts of Tulsi were light brown with its aqueous extract showing the maximum percent yield of 17.6.

The chlorophyll content with 100% acetone was found to be 4.01 ± 0.02 and 1.96 ± 0.01 for chlorophyll a and b, respectively. The values with 95% diethyl ether were 3.54 ± 0.03 and 1.01 ± 0.02 and with 96% methanol it is 0.96 ± 0.04 and 0.11 ± 0.34 for chlorophyll a and b, respectively.

Preliminary phytochemical tests showed the presence of bio-actives like alkaloids, flavonoids, saponins, steroids, glycosides, phenolics, tannins, tri-terpenoids, and the quantitative yield of bio-actives present in the individual species and their composites have been presented in [Table 1](#T1){ref-type="table"}. Comparative histograms of the various bio-actives have been presented in the graphical abstract shows the presence of glycoside, flavonoid, polyphenol, saponin, and alkaloid. The UV scanned graphs of the FB, SC, and OS showing the presence of polyphenols and flavonoids have been provided in [Figure 3](#F3){ref-type="fig"}. The IC~50~ values for the different assays have been presented in Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}.

###### 

Quantitative data of the major chemical constituents in the extracts

![](PM-11-522-g009)

![(a) Ultraviolet scanned graphs showing the presence of polyphenols in Ficus. (b) Ultraviolet scanned graphs showing the presence of flavonoids in Tulsi. (c) Ultraviolet scanned graphs showing the presence of flavonoids in Jamun](PM-11-522-g010){#F3}

###### 

IC~50~ values of the extracts and composites in different enzyme inhibitory assays

![](PM-11-522-g011)

###### 

IC~50~ values of DPPH radical scavenging of extracts

![](PM-11-522-g012)

The SE was calculated by comparing the scavenging capacities of the composites in variant ratios to the arithmetic sum of the scavenging capacities of the individual extracts. Basing on this concept, the %TSC value was found to be 41.7% and the %ESC of the individual extracts of OS, SC, and FB was found to be 26.7, 13.5, and 8.2, respectively. For composites viz. 1:1:1, 1:1:2, 2:1:1, and 1:2:1%ESC values were found to be 56.2, 49.1, 42.9, and 42.1, respectively. In contrast to individual extracts, all composites showed SE. SE values for 1:1:1, 1:1:2, 2:1:1, and 1:2:1 were found to be 1.35, 1.18, 1.02, and 1.00, respectively. All values \>1 exhibited synergism.

The total anti-oxidant activity of the three species carried out by FRAP and ABTS assay have been presented in the form of comparative histogram (graphical abstract) which shows that OS has highest anti-oxidant potentials and the hydro-ethanolic extracts of all species showed maximum scavenging capacities. All composites (1:1:1, 1:1:2, 2:1:1, and 1:2:1) exhibited synergism (SE \>1), the maximum activity shown by the composite ratio 1:1:2 followed by 1:1:1. The TLC plates for rapid DPPH radical scavenging by dot-blot assay (graphical abstract) for both individual species and composites clearly depicts the difference in scavenging capacities of the extracts along with the variance in concentrations.

DISCUSSIONS {#sec1-4}
===========

Proximate analysis was done, and the purpose of such analysis was to see the results in the climatic and environmental conditions of IIT Kharagpur.

Considering the RSM, the process order fits to quadratic design model and prediction for desirability function of ethanolic and methanolic extract of FB are 0.92 and 1.0, respectively. Predictions for the desirability of ethanolic and methanolic extract of OS are 0.86 and 0.84, respectively, and for ethanolic and methanolic extract of SC are 0.94 and 0.92, respectively. From the solutions obtained using desirability function, it was found that a hydroalcoholic solvent ratio of 52.46 ± 1.6 and at a temperature of 20.17 ± 0.6 gave an optimum yield of polyphenols. However, based on practical experimentations on the yield of polyphenols, hydro-ethanolic and hydro-methanolic solutions in the ratio of 50:50 were used for the purpose of extractions. In case of composites, SEs in terms of polyphenol yield was observed with ratios of 1:1:1 and 1:1:2. Hence, these two are the optimized ratios.

As regards, percent yield of the optimized process technology under the optimized process parameters gave satisfactory yield in all cases.

The chlorophyll estimations carried out showed maximum chlorophyll content with acetone and diethyl ether and minimum with methanol. Hydroalcoholic solutions (50:50) gave best yields of bio-actives with minimal leaching of chlorophylls.

Solvent selection is a crucial parameter in any extraction procedure so as to achieve a maximal yield of any bio-actives. Methanol, ethanol, or acetone and their mixtures in water are so far the most commonly used solvents in the extraction of phenolic compounds from the plant materials.\[[@ref34][@ref35][@ref36][@ref37]\] The extractability of the phenolic compounds depends on the type of the solvent, nature of the material to be extracted, chemical structure of phenolic compounds, temperature, extraction time, solid-liquid ratio, extraction method employed, and the possible presence of interfering substances.\[[@ref34][@ref35][@ref36][@ref37]\] In contrast to aqueous extracts, hydro-ethanolic solutions as extraction solvents gave higher mass fractions of volatile oil contents. Coming to the chemistry point of view, it is seen that alcohol-water mixture offers the advantage of modulating the polarity of alcohol solvents, and the solubility of polyphenols largely depends on the hydroxyl groups, the molecular size, and length of hydrocarbon.\[[@ref34][@ref35][@ref36][@ref37]\] Solvent mixtures are ideal and selective for extraction of great number of bioactive compounds. When water alone is used as the solvent, only the water soluble bioactive components get extracted but there are many other components which may be soluble in the organic counterparts. Another fact to be considered is that there is a balance between polarity and polyphenolics extraction yield.\[[@ref34][@ref35][@ref36][@ref37]\] Polar solvents such as water, ethanol, methanol, hydroalcohol, and acetone were used for extraction of polyphenols. Solvents like ethyl acetate being less polar gives low extraction yield and those with higher polarity like ethanol and methanol, or their hydroalcoholic solutions will give higher extraction yields.\[[@ref34][@ref35][@ref36][@ref37]\]

The quantitative yield of polyphenols and flavonoids follows a descending order from hydro-ethanolic extracts, hydro-methanolic extracts, and aqueous extracts. However, there is an appreciable increase in polyphenol and flavonoid content amongst the composites of the three species blended in different ratios \[[Table 1](#T1){ref-type="table"}\], and the hydro-ethanolic extract of the composite (1:1:2) showed highest polyphenol and flavonoid content.

For *in-vitro* explorations of NEIs amongst the leaves of three plant species, it was found that hydro-ethanolic extracts in all cases gave higher IC50 values, thus, showing greater effectivity. Composites, whether aqueous extracts, hydro-methanolic, or hydro-ethanolic showed synergistic inhibitory actions; the appreciable one being 1:1:2 followed by 1:1:1.

Prior research suggested a strong positive correlation (*R*^2^ = 0.99) between phenolic content and anti-oxidative potential.\[[@ref61]\] Polyphenols can prevent damage from ROS through radical scavenging or prevent the generation of these species by iron chelation.\[[@ref13][@ref61][@ref62][@ref63][@ref64]\] Polyphenols also bind and inhibit the enzymes α-amylase and α-glucosidase.\[[@ref13][@ref61][@ref62][@ref63][@ref64]\] Polyphenols have also shown to facilitate insulin response and attenuate secretion of glucose-dependent insulinotropic polypeptide and GLP-1. Other suggested mechanisms for the hypoglycemic actions of polyphenols were down regulation of the expression of liver glucokinase, upregulation of phosphoenolpyruvate carboxykinase (PEPCK), induction of the AMP-activated protein kinase pathway, and enhancing peripheral glucose utilization by stimulating glucose transporter subtype 4, etc.\[[@ref62][@ref63][@ref64]\]

Flavonoids inhibit the ACE enzyme by generating chelate complexes within the active center of ACE.\[[@ref13]\] Flavonoids were found to attenuate hepatic gluconeogenesis by decreasing the activity of glucose-6-phosphate and PEPCK, subsequently improving glycemic control.\[[@ref13]\] Our research data are in accordance with this phenomenon. A strong correlation was found between polyphenol (*R*^2^ = 0.81--0.92) and flavonoid contents (*R*^2^ = 0.57--0.99) with the anti-oxidative and enzyme inhibitory potentials of the extracts.

CONCLUSIONS {#sec1-5}
===========

NEIs can serve as an important therapeutic tool against type 2 DM. The current research aims to provide the state-of-the-art of search of NEIs amongst three species of Indian medicinal plants by *in-vitro* assays which can be further utilized for bioactivity-guided isolations of such enzyme inhibitors. Further development of polyherbal composites and achieving phyto-synergistic actions was another goal of the work. Our research results showed the multi-dimensional hypoglycemic potential of the three species of Indian medicinal plants for future exploitations in phytotherapy of type 2 DM. However, extensive pharmacology and toxicological studies in animal and human models are further warranted.
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